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Protein kinase C5 

Michael Gschwendt 
German Cancer Research Center, Heidelberg, Germany 

The protein kinase C (PKC) family consist of 11 isoenzymes chat, due to structural and enzymatic differences, can 
be subdivided into three groups: The Ca^-dependent, diacylgryceiol (DAGVactivatcd cPKCs (conventional PKCs: 
a Pi, p2, -y); tne Ca^-independem, DAG-activated oPKCs (novel PKCs: B, c, t\t 9. p,), and the Ca --dependent, 
DAG non-rcsponeive aPKCs (atypical PKCs: £, X/0. PKCU, is a novel PKC, but with some special structural and 
enzymatic properties. 
Keywords: protein kinase CS; activation; auBophosphorylation; down-regulation; structure; tyrosine phosphorylation; 
function. 

Protein kinase CB (PKCd) is the most thoroughly studied 
member of the nPKC subfamily. After the discovery of the 
enzyme in 1986, its cloning in 1987, and its 6rst purification to 
homogeneity in 1990, several groups have focused their interest 
on this PKC isoenzyme and have reported on its expression, 
Structural and enzymatic properties, and cellular functions. 
Some information has accumulated on the mode and structural 
requirements of activation and down-regulation of PKCS. 
Recently, the role of phosphorylation of PKC5. i.e. either 
autophosphorylation or phosphorylation by an exogenous 
protein kinase, for the regulation of its enzymatic activity could 
to some extent be elucidated and compared to that of other PKC 
isofbrms. However, many questions remain to be answered. The 
same holds true for PKC5-$pecific substrate phosphorylation 
and biological functions. Various more or less useful methods 
have been applied to elucidate PKCo-specific functions in a 
given cell. Data accumulated ihat indicate a role of PKCB in 
growth inhibition, differentiation, apoptosis, and tumor suppres- 
sion. However, the knowledge on PKCo-Specific substrate 
phosphorylation resulting in these specific cellular effects is as 
yet extremely poor. 

The PKC family 
Protein kinase C (PKC) was initially Identified and character- 
ized as a pxotcolytically activated kinase called protein kinase M 
[1Jt]. The proenzyme (PKC) was then shown to exhibit calcium- 
and phospholipad-dependent kinase activity independently of 
proteolytic activation [3]. In the presence of diacylglyeerol 
(DAG), a well-known second messenger molecule [43], me 
calcium concentration necessary for stimulation of the enzyme 
was reduced to physiological levels [6]. DAG was known to be 
produced by phosphatidyl inositol turnover induced by cellular 
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receptors upon interaction with numerous extracellular factors 
[4,5]. This indicated mat PKC might play an important role in 
transmembrane signal transduction. Another key discovery was 
that PKC was the major intracellular receptor tor the tumor- 
promoting phorboi esters, such as 12^tetmdecanoylphoTbol 
13-acetate CTPA) [7,8]. When TPA was used as PKC activator 
in vivo, PKC proved to be linked to the signal-induced 
modulation of a wide variety of cellular processes, such as 
growth, differentiation, secretion, apoptosis, and tumor devel- 
opment In 1986, the cDNAs of three PKC isoenzymes (a, 0, 7) 
were cloned [9-J1]- The PKC0 gene was found to generate two 
isoenzymes, (31 and &TL by alternative splicing [12]. 

Since then, seven other isoenzymes [8, c f\. 8, £, \<i), P-l 
PRC-related kinases (PRKs) have been detected (for reviews on 
PKC isoenzymes see [13-16]). The PKC family can be 
subdivided into three groups. The •conventional' PKCs (cPKCs; 
a, pj, 7) depend on calcium and are activated by diacyl- 
glycerol (DAG) or TPA; the 'novel1 PKCs (nPKCs; 5, e, t|, 8) 
are also activated by DAG or TFA but are calcium-mtependent; 
the 'atypical' PKCs [aPKCs; {, X(L)] are calcium-indepcudcnt 
and do not respond to DAG Or TPA. The difference between the 
three subfamilies is reflected by differences in the molecular 
structures. The cystcine-rich sequences of cPKCs and nPKCs 
have been shown to be the site of interaction with phospholipid 
and diglyceride/phorbol estex activators [17]. The aPKCs lack 
one cy$teine-rich sequence and are not activated by mglyeerides 
or phorboi esters. However, a phorboi ester-responsive aPKCJ 
can be generated by fusion with the regulatory domain of PKCS 
[181. nPKCs lack the C2 region that determines Ca^-binding by 
the ePKC subfamily. PKCu.. is a novel PKC but contains a 
pW.v<rmn homology domain and a N-tcnninal hydrophobic 
domain and it lacks a region resembling the inhibitory 
pseudosubstraie regions of other PKC family members. Protein 
kinase C isoenzymes are activated by a very large number of 
extracellular signals and in torn modify the activities of a wide 
variety of cellular proteins including receptors, enzymes, 
cytoskeletal proteins, rranscription factors, etc. Thus, PKC has 
a central position in cellular signal processing. 

Cell-specific expression and subcellular localization of 
individual PKC isoenzymes indicate important isoeniyme- 
speciflc functions. To elucidate such functions, it will be 
necessary to stndy m vitro and/or In vivo the individual features 
of each isoenzyme, such as expression, po$t-translational 
modification, substrate specificity, subcellular localization and 
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signaling cross-talk with other proteins. In additiwi. the 
Kerne* of a PKC isoenzyme in a signahnB paOway 
resulting to a specific cellular response can be investigated by 
several distinct methods such as overexpression of the enzyme 
or inhibition of cniyme expression or activity. The puv«"f 
Ais article is to review our present knowledge regarding the 
PKC5, a member of the nPKC subfamily, that attracted the 
interest of an increasing number of research groups over the last 
years. 

Structure of PKCB 
In \ 987, i.e. 1 year after cloning of the cFKCs (a, 0.7), * cDNA 
of PKCS was cloned from a rat brain cDNA library by Ono *t aL 
[19] The PKCB gene could be assigned 10 human chromosome 
3 and mouse chromosome 14 [20], The amino acid sequence of 
PKC5 showed 58% homology to PKCa [21]. AS a member of 
the nPKC subfamily, PKCfi contains a carboxyHcrminal 
catalytic domain with two conserved regions, C3 and C4, 
essential for catalytic activity and substrate binding, and an 
ammo-terminal regulatory domain with an inhibitory pseudo- 
substrate sequence and two cysteine-rich Zn-finger-tike se- 
quences in the Cl region but lacking the C2 region. The 
cysteine-rich motifs of PKCB are functionally not equivalent. 
Glutathione-S-transferase fusion proteins coniaining the second 
cysteine-rich motif (Cy$2) of PKCB bind the phorbol ester 
PDBu with high affinity, whereas no significant binding is seen 
for me Cysl fusion proteins [22). Mutational studies indicate 
that Cys2 plays a key role in the translocation of cytosolic PKCB 
to cellular membranes in response to an activarion by phorbol 
ester [233- Site-directed mutagenesis [24] and X-ray crystal- 
lographic studies [25] provided detailed understanding of me 
interaction between phorbol ester and Cys2 of PKCB. Five of six 
cysteine residues as well as the two histidine residues involved 
in Zn2'4" coordination were round to be critical tor phorbol ester 
binding. In addition, mutations in other positions of Cys2 
drastically reduce the interaction with me ligand. In a groove at 
the tip of Cys2 the oxygens at the C-3, C-4, and C-20 position of 
me phorbol moiety are thought to form hydrogen bonds with 
main-chain groups the orientation of which is controlled by a set 
of highly conserved residues. Phorbol ester binding caps the 
groove and forms a contiguous hydrophobic surface, explaining 
how the activator promotes insertion of PKC8 into membranes. 

Purification and characterization of PKCS 
PJCC8 was the first nPKC isoenzyme to be isolated from a 
tissue. In 1986, we reported on the isolation of a phorbol ester/ 
phospholipid^activaied. ^-unresponsive PKC-hlce enzyme 
[26-28], which later on was identified as PKCB. The nanve 
enzyme was purified to homogeneity from porcine spleen and 
characterized [29]. It bound the phorbol ester TPA wim high 
affinity {Kd = 9-6 IIM) and could be activated in vitro for 
substrate and autophosphorylation by TPA (or diacylglycerol) 
plus phosphatidyl serine, but unlike the cPKCs (a, p, -y). not by 
calcium plus phosphatidyl serine. Activarion was brought about 
also with various unsaturated fatty acids, particularly arachi- 
donic acid. Hie afftnrry of native PKC5 for cofactors and 
substrates differed to some extent from that of conventional 
PKCs. In the meantime, both native and recombinant PKCB 
have been partially or completely purified also from various 
other sources, such as rat brain [30], mouse hemopoietic cells 
[31]. COS I cells transfected with cDNA coding for mi [32] or 
mouse [33] PKCB, and insect cells infected with recombinant 
baculovirus containing the cDNA of human PKCS [34] as well 
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asbacteriatrar^e^ 
of the various PKCB preparations did not oWer ^cantty. 

PKCB has been found in most tissues and cell types DgJ 
The expression of the enzyme is ontogeneacally regulated, 
£U the concentration of PKCB in the epia^s and ^of 
newborn mice increases drarnatically between day 7jm^4 after 
birth [36]. A detailed hnmnnoMsmcheimcal mvesn^of Je 
expression of PKCB and other PKC isoforms m rat cerebeUum 
wa^xied out by Chen and Hainan [38,39]. They observed a 
transient occurence of PKC6 in gtia and Mi^" * £ 
selective groups of neurons. The expression of PKCB was 
associated with specific activities of these cells. 

like other isoenzymes of the cPKC and nPKC groups, PKCB 
is activated in vivo by DAG that ia formed from phosphorus 
upon receptor-mediated activarion of phosphohpases [40], 
While numerous signaling molecules, such as growth meters, 
hormones and cytokines, are known to cause DAG release and 
activation of PKC, reports on a selective activation of individual 
PKC isoenzymes are rare. The nPKCs B and e, but not the 
cPKCa were found to be activated upon nutogenic stimulation 
of quiescent rat 3Y1 fibroblasts [41]. A selective activation of 
PKCB may play a role in nerve growth fecwr-mduced neuntc 
outgrowth [42]. Os-unsaturated fatty acids activate PKC in vitro 
and in intact platelets. According to Khan et aL [43], oloate 
activates mainly PKCB. In none of these cases the mechanism of 
Che apparently selective activation of PKCB is known yer_ 

Similarly to other PKC isoforms. PKCS is proteolytically 
degraded following activation by TPA in vivo. Physiological 
agemiats causing DAG release, such as bombesin and WWF, arid 
DAG itself, are also able to cause degradation of PKCfi [40], 
This so-called down-regulation occurs via the ubiqwtin-protea- 
somc pathway [44]. TPA treatment of mouse skin causes down- 
regulation of epidermal PKCB with a half-life of around 8 h, 
followed by complete recovery within 72 h [36]. According to a 
report by Shib and Floyd-Smith [45). TPA induces down- 
regulation of PKCB in the mouse B lymphoma cell hne A20 not 
only at the protein but also at the mRNA level. Down-regulation 
of PKCfi in Swiss 3T3 cells appears to be cen^cycle-dependent, 
operating only in the G0/G1 [46]. Paradoxically, the PKC 
activator bryostatin 1 protects PKCB, but not other PKC 
isoforms, against iPA-induced down-regulation m mouse 
kexannocytcs [47]. Protection is observed at 100 nM to I ujt, 
whereas at concentrations of less man 1 nM, bryostatin 1 itself 
causes down-regulation of PKCB to a similar extent as does 
TPA. Studies with reciprocal chimeras constructed by ex- 
changing the regulatory and catalytic domains of PKCa and 
PKCB grants that the catalytic domain of PKCB confers 
protection by bryostatin 1 against down-regulation and contams 
the isotype-specific determinants involved in the unique effect 
of bryostatin J on PKCB [48). 

Recently, various PKC-specitic inhibitors have been identi- 
fied ox developed (for a review see [49])- Among these, rottlerin 
was found to possess some specificity for PKCB [50). However, 
no absolutely PKCo-specific inhibitor is available as yet. The 
stawosporrne-rclated compound K252a and the staurosrwnne- 
dcrived cornpound Gd 6976 are able to differentiate between 
subgroups of PKC [28,51.52] in that these inhibit Ca - 
responsive isoforms much more effectively than Ca -unre- 
sponsive isoforms including PKCS. 

Expression of PKCB 
Contrary to PKC0 and 7, the PKCB gene has not been cloned 
yet. Thus, the regulatory regions of the gene and respective 
factors mat might affect the onset of transcription arc not 
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m x p^phoT^H** and activation cf PKC^H and FKC6. PKCpni. *valh*tod as a catalyucally L^p^ ^^^^^^^d 

clear whether boih she. <J6U and $660) are autophosphorylaied OT^^^^^V03^^ ^TcLS competent enzyme that Is 
ocd^icd by Ca*, phospholipid (PL) and diacylgrycerol (DAG) for mtom*^pbosp^on PKCS^^^^^X^^m '» oot reared 

add 500 03500) [67). PKCB is auiopbospicrylaied in vtfrt? on serine 6d3 (5643, [671). Probably, nddraonai taniD/po»yi.uiji 
identified The role of PKCfi (aiiEo)pho8phorylEilicm is mrt yet dear. 

known. However, up-and down-regulation of tfac expression of 
PKCfi In various cells and tissues was reported and evidence for 
an isotype-specific expression was obtained. Thus, estrogen 
treatment increases the level of PKCB protein in rabbit [53] and 
rat copora lute* [54), probably by a pon-transcripaonal 
mechanism, whereas the levels of other PKC isofotms remain 
relatively constant. lnterteukio-l& induces the expression of 
PKC6 and s. but not of a and £, in N1H 3T3 cells [55]. 1.25- 
Dibydroxyvitamin Eb stimulates me expression of PKC5 and a 
in acute promyeolocytic NBA cells via a nongenornic mecrum- 
ism [56]. The authors propose that by increasing the expression 
of these PKC isofcrms the cells are primed for TPA-mduced 
monocyte diflerentiaiion. Assert et aL [57} reported on a 400% 
increase of PKC5-mRNA in human T84 cells 24 h after TPA 
DTcatmenL However, the level of PKC6 protein was not elevated 
to the same degree as that of mRNA- Elevated PKC5- (and e) 
mRNA levels were reported to occur also upon treatment of 
aT3-l cells with gonadottopin-releasing hormone. This process 
appeared to be autoregulated by PKC [58], Cross-talk between 

PKC isoenzymes also might regulate PKC levels. Overexten- 
sion of PKC* in BaO and 32D cells leads to an elevation of the 
endogenous PKCB protein leveL altering its mRNA transcnpticm 
and degradation [59]. Stable iransfection of die human 
keratinocyte line HaCaT with mutated cellular Ha-ras rcSUln 
in a selective loss of PKC&rnRNA and protein that is mediated 
by TGFa [60]. This is in accordance with a proposed aunor- 
supprcssive role of PKC8. 

Phosphorylation of PKC6 
Phosphorylation in the activation hop by a 'PKC kinase9? 
PKC8 seems to differ from other PKC isoenzymes in its 
mechanism of poswranslarional regulation. PKCa [61] and Pn 
[62] are known to require phosphorylation of threonine 497 and 
500 respectively, in the so-called activarion loop for enzymatic 
activity. Very recently, the 'PKC kinase' responsible for ims 
phosphorylation has been found to be the phosphomositide- 
dependem kinase FDK1 [63-65]. This kinase is most likely not 
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present in bacteria. This would explain that PKCa could notbe 
expressed as an active recombinant enzyme in bacteria [66]. 
Gschwendt and coworkers showed that PKCd. contrary to 
PKCa, can be expressed in a catalytieally compcamt form in 
bactcritt [35]. Recombinant PKCB partially purified from 
bacteria bad a specific activity comparable to that of native 
PKCS from porcine spleen. Li addition, it was demonstrated by 
site-directed mutagenesis that phosphorylation of threonine 505 
in PKCB, unlike that of the corresponding threomncs in PKCa 
and fa. is n01 essential for a permissive activation of PKCB (see 
Fig. 1). The negative charge in the activation loop of PKCB that 
is necessary for catalytic competence of the kinase is probably 
provided by glutamic acid 500. Mutation of this acidic amino 
acid residue to valine caused an 80% loss of kinase activity 
([67); see Fig. 1). These results do not exclude modulation of 
PKCB activity due to phosphorylation by another kinase, but 
they indicate that PKC5 and other PKC isoenzymes are 
differentially regulated by post-translational modification. 
Autophcsphorylcaion. Like many other protein kinases, PKC 
isoenzymes undergo autophosphorylation the functional role of 
which is still a matte* of debate, PKC& purified to homogeneity 
from porcine spleen exhibits a particularly high potential for 
autophosphorylation in vitro, which is around four times that of 
the cPKCs a, f), 7. The stoichometry and phosr^oaxnino acid 
analysis of autophosphorylation in vitro suggested that fully 
phosphorylated PKCB contains two phosphoscrine residues and 
one phosphotlireomne [29]- In vitro PKCS accepts not only ATP 
but also GTP as phosphate donor for autophosphorylation [68]. 

While PKCPn was found to be autophosphorylaied in vivo on 
threonine 641 and serine 660 [69,70], the in-vivo (autopho- 
sphorylation sites of PKCS have not been unequivocally 
identified yet. Recently, riw-directed mutagenesis of serine 
643 and comparison of in-vivo phosphorylated wild-type and 
alanine mutant by phosphopeptide mapping indicated that serine 
643 is an in-vivo phosphorylation Site of PKCS [71]- 
Phosphorylation of this site appeared to be important for 
enzymatic activity. These data did not indicate whether serine 
643 is autophosphorylaied or phosphorylated by another protein 
kinase. Stempka et al [67] identified serine 643 as an inMtro 
auiophosphorylation site of PKCo by MALD1 mass Spectro- 
metry of tryptic peptides derived from recombinant PKCS that 
was purified from bacteria or baculovirus-rnfected insect cells. 
In contrast to the report by Li et al [71], Stempka et al. [67] 
were unable to demonstrate any loss of kinase activity upon 
serine 643 to alanine mutation- Thus, the role of PKCo 
autophosphorylation is not yet clear, particularly, as probably 
additional as yet unidentified (autophosphorylation sites exist 
(see Fig. 1). 
Phosphorylation of tyrosine residue*. PKCS was the first PKC 
isoenzyme found to be functionally modulated by tyrosine 
phosphorylation. The tyrosine kinase Src phosphorylates PKC6 
in vitro [72]. In-vitro tyrosine phosphorylation occurs only in the 
presence of an activator, U. TP A, and thus appears to be 
restricted to the activated form of the enayme. Possibly, the 
phosphorylation sites are exposed only upon an activator- 
induced conformational change of PKCB. Tyrosine phosphor- 
ylation increases the apparent molecular mass of PKCS and 
modifies its activity towards some substrates. Tyrosine phos- 
phorylation of PKCd was demonstrated also in vivo in response 
to treatment of cells with various agents, such as TPA, PDGF, 
TGFo, carbachol, substance P, Hgand of IgE receptor, extra- 
cellular ATP or UTP. end H2Oa [73-79], and in response to 
transection of murine keratinocytes with oncogenic Ha-ras [80]. 

Upon treatment of PKCS-ovcrexprefising cells with PDGF or 
TP A, tyrosine-phosphoxylaied PKCo was found to be localized 
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in the membrane fraction and its activity increased [74]. 
According to Konishi el al. [78] and Kadotani et al. [81], 
tyrosine phosr>horylation of PKCo in vivo creates a modified 
enzyme mat is active without or at least with a lower 
concentration of lipid cofactors. Upon treatment of cells with 
H2O* not only PKCo but also PKC a, Pi. y, s\ and ? were found 
to be tyrosine-phosphorylated and activated [78]. In contrast to 
these studies, tyrosine phosphorylation was reported to diminish 
the activity of PKC8 [75,77,80]. According to in vitro studies 
[72], it seems to depend on the substrate whether PKC activity is 
elevated or reduced by tyrosine phosphorylation. In other words, 
Tyrosine phosphorylation might regulars me specificity of the 
kinase toward a given substrate. For example, PKCB that was 
phosphorylated on tyrosine upon activation oF me high-affinity 
receptor for IgE has diminshed activity toward me -y-chain 
peptido of this receptor as a substrate but not toward histones or 
myelin basic protein peptide [77]. It is not known yet whether 
PKCS is phosphorylated in vivo, as in vitro, by Src or another 
tyrosine kinase. However, it was shown thai PKCS associates 
with v-Src and is phosphorylated on tyrosine and activated in v- 
Src-transformed fibroblasts [82,83]. Very recently, association 
with Src and tyrosine phosphorylation of PKCo was observed 
also in MCF-7 human breast cancer cells in the absence of 
overexpression of either PKCo or Src [84]. Moreover, various 
mitogenic agents, including the phorbol ester TPA, activate Src- 
family kinases in Swiss 3T3 cells [85], epidermal keratinocytes 
[75], or MCF-7 cells [84]. Even though activation of the EOF 
receptor results in tyrosine phosphorylation of PKCB, the EGF 
receptor tyrosine kinase is not able to pbosphorylate PKCB in 
vitro [72]. Thus, it is very well conceivable that the EGF 
receptor signal is mediated by Src. Recently, the c-Abl tyrosine 
kinase was found to be associated with PKCB in diverse cell 
types, such as MCF-7 ceils, U-M7 cells, and HL-60 myeloid 
leukemia cells [86], Treatment of those cells with DNA- 
damaging agents is associated with c-Abl-dependent phosphor- 
ylation of PKCB and translocation of PKCB to the nucleus. c-Abl 
phosphorylates and activates PKCB also in vitro. These data 
suggest mat, possibly in addition to Src, Abl is a PKCS tyrosine 
kinase in vivo. 

Site-directed mutagenesis indicated that Tyrosine 52 [87], 
tyrosine 187 [88], tyrosine 512 and 523 [78] arc all sites for 
tyrosine phosphorylation of PKCB in vivo. However, these sites 
have not been identified unequivocally yet, for example by 
MALDl mass spectromctty of tryptic peptides of tyrosines 
phosphorylaied PKCB. 

Biological functions of PKCB 
Various methods have been applied to elucidate PKCB 
functions. IMfrcrontial down-regulation of PKC isoenzymes by 
TPA, bryostatin, etc., can be used to selectively remove from or 
retain PKCB in a cell. A TPA-induced physiological response in 
such cells or its lack is then attributed to the action of PKCB. 
This method was applied to show that PKC& is involved in the 
stimulation of the Na*-H* exchanger in C$ glioma cells [89], in 
phosphoinositide hydrolysis and PGEj formation [90], and in 
keratinocyte differentiation [47]. Similarly, it was demonstrated 
that selective activation of PKCB might play a role in 
neuritogenic signals in PC 12 cells [42J. Even if selectivity and 
duration of down-regulation have been carefully checked, this 
method is of limited use only. The effects of TPA are manifold 
and therefore, one cannot exclude the possibility that the 
observed cellular response or its lack is the consequence of a 
TPA effect other than dcAvn-regulation of PKC. Alternatively, 
PKCB can be inhibited by expression of a dominant negative 
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ATP-binding mutant of the enzyme [91] or its expression can be 
suppressed by treatment of cells with anrisense oligonucleotides 
to PKCS. These methods are much more specific than TPA- 
induced down-regulation. The use of a dominant negative 
mutant indicated mat PKC8 is involved in Sis-induced 
transformation of NIH 3T3 cells via the activation of genes 
containing the TPA responsive element, but not via the Ras 
cascade (92). Aniisense oligonucleotides were used to demon- 
strate a role of PKCB in dirrV^ntiarion of murine erytfaroleu- 
kacmia cells [93] and in the ai-adrenergie activation of Na-K- 
2CI cotransport [94]. 

A method frequently used for studying PK.C5 function is the 
establishment of stable cell clones that ovcrexpress PKCS upon 
h-ansfection with corresponding expression vectors. Changes in 
cellular processes, observed with and/or without treatment of the 
b-ansfected cells with TPA, are then regarded to be mediated by 
PKCS. However, overexpression is nor necessarily physiologi- 
cally relevant. For example, the overexpressed PKC isoenzyme 
may overwhelm the endogenous enzyme and thus cause 
nonspecific localization and substrate phosphorylation. Several 
groups reported that overexpression of PKCB causes growth 
inhibition, as for instance in CHO cells [95], in smooth muscle 
cells [96], in NIH 3T3 fibroblasts [97], in human glioma cells 
[98], and in capillary endothelial cells [99], In these studies, 
additional effects of PKC8 overexpression were reported, such 
as changes in cell morphology, decreased cell density, and 
suppression of G! eyeb'n expression. In some reports changes 
were accentuated by treatment of cells with the phorbol ester 
TPA. Overexpression of PKC5 (and a), bur not 0T, e. i\, or {, 
enables the murine myeloid 32D cells to differentiate into 
mature macrophages after Treatment with TPA [100] or PDGF 
[101] > Using overexpression of reciprocal 8 and e chimeras, it 
was shown that the catalytic domain of PKCS mediates the 
TPA-rnduced differentiation of 32D cells [102]. Overexpression 
Of PKCS in NIH 3T3 cells increases the som'um-dependent 
phosphate uptake [103]. By application of this method it was 
shown also that PKCB, bur not ft, e. or £, inhibits the activation 
of the STAT signaling pathway by the Tec-family kinase Bmx 
[104]. Moreover, it was demonstrated that PKC8 (and PKCa) 
mediates the transcription of TPA-inducible genes via both 
AP-1 and non-AP-1 sequences [105J. Ras-dependent signal 
transduction is involved in the activation of AF-1 by PKCS 
[106]. Contrary to that, PKCS activates the MEK-ERK pathway 
independently of Ras and dependency of Raf, as was 
demonstrated by expression of a constimrively active mutant 

" of PKCB [107]. Alternatively to transfection of cells with a 
PKCB cDNA and overexpression of PKCB, the enzyme can be 
directly introduced into permeabilized cells. By applying this 
method it was demonstrated that PKCS is involved in exocyrosis 
[108]. 

Besides the involvement of PKCB in the regulation of cell 
growth and differentiation, this PKC isofbrm might play a role 
also in apoptosis and tumor development. Emoto tt at. 
[109-111] demonstrated that apoptosis induced in human 
myeloid leukemia cells by TNFct, ara-C anti-Fas-antibody, 
radiation, etc. was associated with proteolytic activation of 
PKCS by an ICE-like protease. It was shown mat the cysteine 
protease CPP32 is responsible for this cleavage. The proteolytic 
generation of a 40-kDa catalytic kinase fragmenr (aa 331-676) 
upon Lnduction of apoptosis can be suppressed by overexpres- 
sion of the anti-apoprotic proteins Bcl-2 and Bcl-xL. Over- 
expression of die catalytic kinase fragment of PKCS, but nor of 
full-length PKCS or a kinase-inactive fragment, caused 
phenotypie changes associated with apoptosis. Similar results 
weie reported by Mizuno et al [112]. However, the authors 
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demonstrated apoptorisnassociated limited proteolytic cleavage 
not only of PKCS but also of other nPKC isotypes, sach as PKC 
a and 6, whereas PKCa, and £ were not affected. Ccranude- 
induced cytosolic translocation of PKCo and a- was observed in 
HL60 cells and may be a prerequisite for the proteolytic 
activation of the kinases in apoptosis [113]. Very recently, 
Bharti et al [114] reported on an interaction of the catalytic 
fragment of PKCS with and phosphorylation of the DNA- 
depeudent protein kinase (DNA-PK) resulting in the inacrivation 
of this kinase. DNA-PK is essential in the repair of DNA 
double-strand breaks. Thus, interaction of PKCS and DNA-PK 
may conrribute to DMA damage-induced apoptosis. 

The possible role of PKCS in the induction of apoptosis may 
be at least one reason for its ttmor^uppressive action that has 
been indicated by several reports. Overexpression of PKCfi in 
the Hver particulate fraction of low protein-fed rats correlates 
with inhibition of the development of preneoplastic lesions in 
memylmtrosanime-hiduced rat hepacocarci no genesis [115]. Ex- 
pression of PKCS in human keratinocytes is sigmfieantly 
reduced upon ras Transformation [60]. Induction of a trans- 
formed nhenotype by TPA in c-Src overexpressing rat 
fibroblasts appears to be due to depletion, and not activation, 
of PKCS [116], since it could be evoked by expression of a 
dominant negative PKCS mutant as well as treatment with the 
PKCS inhibitor rottierin. Moreover, bryostatin 1, which iribibits 
TPA-induccd down-regulation of PKCS specifically [47], blocks 
TPA-induced tumor promotion in mouse skin [117]. TPA- 
induced tyrosine phosphorylation of PKCS, for instance by Sue, 
might be a signal for its proteolytic degradation (Gschwendt et 
aL9 unpublished results) eliminating protection against tumor 
development. Indeed, v-Src was shown to be associated with 
and down-regulate PKCS [83]. Very recently, Reddig et aL 
[118] demonstrated that transgenic mice overexpressing PKCS 
in the epidermis showed a dramatic reduction in me formation 
of skin tumors upon treatment with 7,12-damethylbenz[«]an- 
thracene/rPA. 

Substrates and binding proteins 
One of the most important tasks in learning to understand the 
function of individual PKC isoenzymes is the search for 
physiological substrates and associating proteins. A large 
number of proteins are known that are phosphorylated by 
PKC. However, the knowledge of proteins that are selectively 
phosphorylated by a distinct PKC isoform is extremely scarce. 
Essentially two mechanisms are conceivable mar may enable a 
PKC isoenzyme, like PKCS, to phosphorylare a substrate protein 
selectively and thus transduce an isoenzyme-specific signal. A 
PKC isoenzyme might recognize a consensus sequence of a 
substrate protein that is not or just poorly recognized by the 
other isoenzymes. Alternatively or in addition, colocalization of 
a PKC isoenzyme with substrates in a cell compartment might 
determine the specificity of substrate phosphorylation. 

An example for a substrate protein with a specific recognition 
site for PKCS is the eucaryotic elongation factor-la (eEF-la), 
which is phosphoiylaied at threonine 431 selectively by PKCS 
[119]. Moreover, the eEF-lot peptide 422-443 containing rhe 
phosphorylation sire is an absolutely specific substrate for the 8- 
rype of PKC. A single basic amino acid close to the 
phosphorylation site is essential for specific recognition and 
phosphorylation of rhe peptide by PKCS. Substitution of mis 
basic amino acid by alanine abolishes rhe ability of PKCS to 
phosphorylare the peptide, and insertion of additional basic 
amino acids in the vicinity of the phosphorylation site causes a 
complete loss of selectivity. Phosphorylation and activation of 
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efiF-1 in Intact cells upon treatment with TPA was reported 
previously [120,121]. 

Aa another PKC8-spccific substrute the 7-chmn of the high- 
affinity recepror tor immunoglobulin E that is associated with 
PKCB has been described [1221. The 7-chaid is phosphorylated 
in vivo on a Threonine residue in response to PKC activation. 
The phosphorylation correlates with xhe endocytosis of the 
receptor. However, the phosphorylation site has not been 
identified and the essential amino acid(s) for specific recogni- 
tion by PKCS are not known yet, Jideama tr at. [123] reported 
on a PKCd-specitic phosphorylation she in troponin I. PKC8 
was found to be unique among all PKC isoenzymes in its ability 
to mimic protein kinase A in phosphorylaung Ser 23/Ser 24 of 
this protein and in reducing Ca^ sensitivity of Ca -stimulated 
MgATPasc of reconsntutcd'actomyosin S-l. In addition PKCS, 
like PKCa, phosphorylates Sex-43/Ser-45 and reduces maxitnal 
activity of MgATPase. Most of the in*vitro phosphorylation 
sites were confirmed in situ in adult rat cardiomyocytes. The 
heat-shock proteh>25/27 (HSP-25/27) was shown to be effi- 
ciently phosphorylated by PKCd and to a lesser extent by PKCct, 
whereas other PKC isoforms Oi, Pz* e> 0 wcrc nQl effective 
HSP kinases [124]. A physiological significance of this phos- 
phorylation was indicated by the finding that HSP-27 was more 
strongly phosyphorylated in vivo in rax corpora lutea of late 
pregnancy, a developmental stage in which PKCB is abundant 
and active. Moreover, late-pregnancy luteal extracts contain a 
lipid-sensirive HSP-kinase activity which is copurified with 
PKCB. 

Isoenzyme-spccific binding proteins and scaffolding or 
anchoring proteins, such as RACKs, AKAPS, etc. [125], which 
are able to bind ihe isoenzyme and the substrates, most likely 
play an essential role in ^localizing kinase and subs trace. 

Litdc is known about the localization of PKCB in or 
translocation to cell compartments that might determine 
selectivity of substrate phosphorylation. Taken together, data 
are accumulating that indicate an association of PKCB with 
nuclear and cyroskeletal structures of the cell. In most cases, 
however, a UnV to selective phosphorylation of substrate 
proteins by PKCB is missing. Leibersperger el al. [361 reported 
on a nuclear or perinuclear localization of PKCB in skin 
sections. Similar results have been obtained for bovine brain 
cells [126]. In cultured cells of neuronal origin, PKC5 was found 
in nucleoli [127]. A redistribution of PKC8 from a peri-nuclear/ 
cytoplasmic compartment to a putatively cytoskdctal location 
upon activation of a human T cell line was reported by Keenan 
cr al [128]. A TPA-induced association of PKCB with die 
cytoskeleton was also found in beta cells. Oleic acid inhibits 
translocation to the cytoskeleton and rather- induces an 
association with membranes, indicating; that different activators 
of PKCS may have different effects on the localization of the 
enzyme within the cell [129]. In HL60 cells, PKCS was found to 
colocaiize with the PKC substrate vimentin hi the cytosol and 
perinuclear region [130]. Barry & Critchley [131] demonstrated 
that m Swiss 3T3 cells serum induced the recruitment of PKCo* 
together with focal adhesion kinase (ppl25FAK) to newly 
formed focal adhesions. 

Almost nothing is known about proteins that bind specifically 
PKCB and might be important for intracellular targeting Of this 
PKC isoform. Receptors for activated C-kinases (RACKs) 
bpecific for PKC^u and PKCa were described. Moreover, the 
existence of receptors tor inactive C-kina$e (RICKs), with 
characteristics similar to the anchoring proteins for cAMP- 
dependent protein kinase (AKAPs), has been discussed (for a 
review see [125]). PKCB-spccific RACKs or RICKs arc not 
known yet. However, data reported by Jakcn and coworkers 
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ideate mat the regulatory domain of PKC8 and other PKC 
isoenzymes is involved in the interaction with other proteins 
[132,133]. Indeed, a binding site of FKC5 for a putatively 
specific RACK was round to be localized in the ^terminal VI 
domain (amino acids 1-142). This domain resembles to some 
extent the C2 domain of cFKCs. which is known to interact with 
RACKs. A peptide corresponding to this PKC8 domain 
selectively prevented translocation of PKCS upon cell stimula- 
tion [134]. Similarly, binding of the PKC substrate GAP-43 to 
this domain of PKC8 was reported [135]. Some other proteins, 
such as MARCKS [1361 and SRBC [137] are not only 
phosphorylated by PKCB and other PKC isoenzymes but also 
bind to the regulatory domain of PKC8 with a rather high 
affinity (Km = 20-60 nM). Therefore, a PKC receptor function 
of these proteins has been discussed. An isoenzyme-specific 
interaction of PKCS with phosphatidylinositol 3-kinase was 
detected by coimmunoprecipitation [136]. The association is 
modulated by cell activation. Its function is not yet known. 

Conclusion 
Within the last decade, after the discovery of PKC8 in 1986 and 
its cloning in 1987, quite a number of data have accumulated. 
The native enzyme as well as recombinant enzymes were 
purified and characterized. Particularly the role of the second 
cysteine-rich motif in binding the activating phorbol esters was 
studied in detail. Beside the activation by eofactors, that is 
distinct with cFKCs, nPKCs, and aPKCs, most properties of 
PKCS known so far do not differ significantly from those of OD 
other PKC isoenzymes. The selective protection by bryostatin 1 
from TPA-induced down-regulation, the lacking requirement for 
threonine phosphorylation in the activation loop for permissive 
activation of the enzyme, and possibly tyrosine phosphorylation 
as a response to extracellular stimuli were all found to be special 
characteristics of PKCS. Tyrosine phosphorylation as a response 
to extracellular stimuli, however, might occur also with other 
PKC isorbrms, as indicated by a recent report. Several studies 
suggested PKCS to be involved in the regulation of cell growth 
and differentiation and to play a role in apoptosis and tumor 
development. However, the signaling pathways leading to these 
cellular processes, particularly the role of PKCS in this 
signaling, is not or just poorly understood. A major drawback 
is the ini-cging knowledge of physiological substrates and PKCB 
associated proteins determining the specific functions of this 
PKC isoenzyme in a celL Therefore, one of the most important 
tasks in future studies on PKCS will be the search for proteins, 
including substrate proteins, that specifically interact with 
PKCS. Presently, methods like the yeast two-hybrid system or 
overlay techniques ate applied for this purpose. 
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